Background: Perrault syndrome is a rare multisystem disorder that manifests with sensorineural hearing loss in both sexes, primary ovarian insufficiency in females and neurological features. The syndrome is heterogeneous both genetically and phenotypically. Case presentation: We reported a consanguineous family (two affected sisters) with Perrault syndrome. The proband had the characteristics of Perrault syndrome: ovarian dysgenesis, bilateral hearing loss and obvious neurological signs. Target genetic sequencing and triplet repeat primed PCR (TP-PCR) plus capillary electrophoresis was conducted to detect causative mutations in the proband. The detected variant was further confirmed in the proband and tested in other family members by Sanger sequencing. Both the proband and her sister were found homozygous for the novel variant HSD17B4 c.298G > T (p.A100S) with their parents heterozygous. Detected by western blot, the protein expression of HSD17B4 mutant was much lower than that of the wild type in SH-SY5Y cells transfected by HSD17B4 wild type or mutant plasmid, which indicated the pathogenicity of the HSD17B4 mutation. Conclusions: Our findings supported that HSD17B4 was one of the genes contributing to Perrault syndrome with the likely pathogenic variant c.298G > T (p.A100S). Special manifestations of cerebellar impairment were found in cases caused by HSD17B4 mutations. Besides, attention should be paid to distinguish Perrault syndrome from D-bifunctional protein deficiency and hereditary ataxia.
Background
Perrault syndrome (PRLTS, MIM233400), a rare autosomalrecessive disorder influenced by sex, is characterized by sensorineural hearing loss in both male and female patients and ovarian dysgenesis in female patients [1] . A wide variety of additional clinical features including peripheral neuropathy, marfanoid habitus, cerebellar ataxia, intellectual disability and spasticity, most neurologically, have also been reported [2] [3] [4] . The clinical heterogeneity has prompted a suggested classification of PRLTS into type I and type II, without and with neurological symptoms respectively [2, 5] . However, the determinants for different types remain unknown.
With further evidence, it is likely that the genetic heterogeneity has relationship with the phenotypic heterogeneity. Mutations in four genes including HSD17B4 (MIM601860), HARS2 (MIM600783), CLPP (MIM601119) and LARS2 (MIM604544) have been identified as genetic causes of PRLTS [5] [6] [7] [8] [9] . However, the association between genotype and phenotype remains uncertain.
HSD17B4 locates on chromosome 5q23.1, encoding an enzyme of 17β-hydroxysteroid dehydrogenase type 4 [10] . This multifunctional peroxisomal enzyme, also known as D-bifunctional protein (DBP), acts an important role in fatty acid β-oxidation metabolism [11] . Therefore, besides PRLTS, HSD17B4 is also related to DBP deficiency (DBPD, MIM261515). DBPD is an autosomal-recessive and infantile-onset disorder characterized by severe neurological symptoms and accumulation of very long chain fatty acid (VLCFA) in plasma [11, 12] . Compared with DBPD patients, PRLTS patients present with both of hearing loss and gonadal dysgenesis, while their VLCFA level is normal.
Since PRLTS is a rare disease, there are only approximately 40 PRLTS families reported worldwide [13] , among which three cases were possibly caused by mutations in HSD17B4 [5, 9, 14, 15] .
Here we gave the report of a PRLTS family in China and found an HSD17B4 mutation to confirm the relationship. Furthermore, we compared PRLTS and DBPD to clarify the diagnosis. In the end, we summarized the PRLTS cases with HSD17B4 mutations.
Case presentation

Subjects and clinical evaluation
We collected a PRLTS family with two affected siblings ( Fig. 1 ) from eastern China. The proband (IV2) was subjected to laboratory tests, audiometric examination, thorough neurological examinations, pelvic ultrasonography (iU22 ultrasonography unit, Philips Medical Systems, Bothell, WA) and cranial magnetic resonance imaging (MRI) (3 T MRI scanner Siemens, Erlangen, Germany). The other family members were evaluated by interviews. The CARE guidelines were followed in this case.
Genetic testing and variants screening
Genomic DNA samples were extracted from peripheral blood leucocytes of all family members. For the proband (IV2), a panel containing 218 genes of hereditary spastic paraplegia and ataxia was performed by target sequencing of the exons. Gene list of the panel was in Additional file 1: Table S1 . High throughput sequencing was carried out via the HiSeq2500 sequencer (Illumina, San Diego, CA). All variants different from the reference sequence were further screened by allele frequency < 1% according to 1000 Genomes Project (http://www.internationalgenome.org/data), Inhouse database and ESP6500 (evs.gs.washington.edu/ EVS/). The synonymous variants were excluded. The phenotypes of the screened genes were compared with the clinical manifestations of the proband and the inherited modes were considered to further exclude irrelevant genes. Then the mutations left were tested in other members by Sanger sequencing for family segregation.
The dynamic mutations of Spinocerebellar ataxia (SCA) type 1, 2, 3, 6, 7, 12, 17 and Dentatorubral-pallidoluysian atrophy (DRPLA) were detected by triplet repeat primed PCR (TP-PCR) and capillary electrophoresis.
SIFT (http://sift.jcvi.org/), Polyphen-2 (http://genetics. bwh.harvard.edu/pph2/), and MutationTaster (http://www. mutationtaster.org/) computer simulation software programs were used to predict the potential of the variants to affect function.
Construction of recombinant plasmids
PCR fragments encoding the mutant or wild-type HSD17B4 gene were amplified using a pair of designed primers (forward nucleotide sequence: CGCAAATGGG CGGTAGGCGTG and reverse nucleotide sequence: TAGAAGGCACAGTCGAGG). The cDNA was then cloned into the pcDNA3.1-3xFlag vector via the Xhol and BamHI restriction sites. Both constructs were confirmed by sequencing.
Cell culture and transfection
SH-SY5Y cells were used throughout this study. The cells were cultured in DMEM media supplemented with Fig. 1 Pedigree of the consanguineous Perrault syndrome family. Affected individuals were denoted by filled symbols. The arrow indicated the proband (IV2). Genotypes were shown below each symbol 10% fetal bovine serum and plated into wells of a sixwell plate with a density of 3×10 5 cells/ml. Transfections were carried out using Lipofectamine 2000 from Life Technologies (Invitrogen) according to the manufacturer's protocol. The experiments were repeated separatedly for three times.
Western blotting
Following transfection for 36 h, total proteins were extracted with cell lysis buffer for western blotting (Beyotime) containing of Protease Inhibitor Cocktail (Thermo). Equal amounts of protein were diluted into 5× loading buffer to 20 ml. After electrophoresis, the separated proteins were transferred to Nitrocellulose membranes. Then the membranes were blocked in TBST containing 5% non-fat milk for 1 h and incubated overnight with primary antibodies, rabbit anti-HSD17B4 (Dilution 1:100, HPA021479, Sigma) and mouse anti-beta-actin (Dilution 1:1000, #M20011, Abmart). Next, the membranes were incubated for 1 h with a matching secondary antibody at room temperature. Protein expression was detected using the Immobilon Western Chemiluminescent HRP Substrate. After normalization to actin, relative protein expression was calculated by Imagelab.
Clinical features
This family was consanguineous and consisted of the female proband (37-year old), her affected sister (40-year old) and their unaffected relatives (Fig. 1) . The proband referred to the neurology clinic initially for ataxia described as the deteriorated ability of balance leading to occasional falls. She also had dysarthria for seven years. In the nervous system examination, she presented with ataxic gait, mild hypertonia in lower limbs, hyperactive deep tendon reflexes, while muscle strength and sensory conduction were normal, and there was no obvious dysmorphology. She performed badly in finger-nose test, alternating movement test and straight-line walking. In addition, she had nystagmus on lateral gaze and hypermetric saccades, but there was no limitation in extraocular movements. We could also find modest dysarthria and mildly intellectual impairment. Her Mini-Mental State Examination score was 25 and considered as mild cognitive impairment according to her education year of 9 [16] . The cranial MRI showed moderate atrophy of the cerebellum (Fig. 2) .
The patient also had secondary amenorrhea which needed the endocrine therapy to keep the regular menstrual cycle. But she had stopped the therapy a few years ago. According to her hormone profile, luteinizing hormone (LH) and follicle stimulating hormone (FSH) were elevated, and estradiol was low (Table 1) . Furthermore, the uterus appeared small (40×25×20mm) with endometrial stripes and indistinct ovaries on ultrasound. These results were consistent with hypergonadotropic hypogonadism.
Another clinical feature was hearing impairment. The proband had hearing dysfunction from childhood without great progression in these years. Audiometric examination showed a bilaterally sensorineural hearing deficit for higher frequencies (Fig. 3) .
In addition, her VLCFA was normal ( Table 2) . The proband's sister (IV1) had similar symptoms as the proband. She had primary amenorrhea and tried several therapies all of which ended with failure. She also suffered from the hearing loss. And she had the tendency to have a fall in daily life. She was unwilling to take the hormone test, ultrasound test of uterus, VLCFA or cerebral MRI scan. Both of their parents were healthy.
Genetic information
The mean depth of target sequencing of the patient was 1083.5× and the coverage was 100%. The percentage of the target region with mean depth > 20× was 100%. 29 variants left after screening by the variants frequencies Table S2 ). According to the autosomal recessive inheritance mode in this family, we complemented the variants by homozygosity mapping. Two variants of c.298G > T (p.A100S) (accession no. NM_001199292) in HSD17B4 and c.188A > G (p.D63G) in KCNC3 (NM_004977) were found with a sequencing depth of 663× and 66× respectively. The variant in KCNC3 was excluded since it was associated with spinocerebellar ataxia 13 whose manifestations were different from this patient. This variant of p.A100S in HSD17B4 was not found in 1000 Genomes Project, Inhouse or ESP6500 database. The predicted values of this variant were 0, 1 and 1 in SIFT, PolyPhen and MutationTaster respectively, which resulted in the conclusion of a damaging variant in silico algorithms. Sanger sequencing of other genes associated with PRLTS, including HARS2, CLPP and LARS2, was conducted with negative results. Primer information could be found in Additional file 3: Table S3 .
The variant was then confirmed in the proband and investigated in other family members by Sanger sequencing. Her sister was also found homozygous, with both parents heterozygotes (Figs. 1 and 4) .
The dynamic mutations in SCA1-3, 6, 7, 12, 17 and DRPLA were not found.
Expression of the mutant gene
Western blot analysis revealed that the 79kD full-length DBP protein and the 35 kD dehydrogenase domain were detected in cells transfected with a wild-type construct. However, there was remarkable reduction in protein expression resulted from the variants c.298G > T (p.A100S) in HSD17B4. There was significant difference between the protein expression levels of the wild type and the variant (Fig. 5 ).
Discussion and conclusions
The proband in this family had clinical hallmarks of Perrault syndrome. Given that she had gonadal dysgenesis, hearing loss and neurological disorders, she could be categorized as type II Perrault Syndrome. In this family, we identified a novel missense variant HSD17B4 p.A100S. According to the guidelines of interpretation of sequence variants of the American College of Medical Genetics and Genomics (ACMG), this mutation was classified as a likely pathogenic variant [17] . The patient's familial history and clinical characteristics were specific. And variants in other suspected genes were not found by the target sequencing. Moreover, mutations in Abbreviations: VLCFA very long chain fatty acids HSD17B4 would result in the alteration in the dehydrogenase domain of DBP and had been identified as the possible cause for Perrault syndrome in several families [14, 18] . In this case we have demonstrated that HSD17B4 p.A100S had a damaging effect on the gene product by western blot. On the basis of these evidences, this homozygous variant was considered as the probable cause of the disease. As mentioned above, HSD17B4 encodes the protein peroxisomal enzyme DBP that catalyzes the β-oxidation of VLCFA. There are three domains in DBP: a 3-hydroxyacyl-CoA dehydrogenase domain, a 2-enoyl-CoA hydratase domain, and a sterol carrier protein 2-like domain [19] . After peroxisomal import, a hydratase unit is obtained from the proteolytically cleaving of DBP, with a dehydrogenase unit produced meanwhile [20, 21] . These two domains catalyze the hydration and dehydrogenation steps in β-oxidation of the VLCFA sequentially [22] . The mutant p.A100 residue in this case was located at the dehydrogenase region of DBP [5] . HSD17B4 p.A100S was predicted by several algorithms to be damaging.
HSD17B4 variants can lead to PRLTS as well as DBPD. These two diseases also have some similar manifestations so that it is necessary to differentiate PRLTS from DBPD. DBP dysfunction could result in the accumulation of β-oxidation substrates such as VLCFA, which is one of the most significant characteristics of DBPD typesI, II and III. In most cases of DBPD typesI, II and III, the patients presented with severe manifestations including hypotonia and seizures by one month of age and die within the first two years of life [12] . These patients also had dysmorphic features, visual and hearing impairment, and growth retardation [11] . According to the deficient activity, DBPD can be divided into three subtypes [23] . Type I is the result of deficiencies of both the hydratase and dehydrogenase subunits of DBP, while types II and III have isolated deficiency of hydratase or dehydrogenase. However, a novel type of DBPD has been proposed recently [24] . Patients with the juvenile-onset type, also known as type IV, show mildly clinical features of hearing loss, ataxia, retinal atrophy and fertility in males and females with compound heterozygous mutations affecting both subunits in separate alleles. The juvenile-onset DBPD seems to have more various symptoms and higher VLCFA level than PRLTS. However, the VLCFA in some DBPD patients could be normal as well [2, 25] . On account of the similar cause and manifestation, PRLTS due to HSD17B4 mutations and juvenile-onset DBP deficiency may be the same disease or part of the same disease spectrum. In our case, besides milder course of the disease, hearing loss and neurological signs, the proband had moderate ovarian dysgenesis, an essential characteristic of PRLTS. In addition, her VLCFA level was normal, and there was only cerebellar atrophy in MRI which was different from the "peroxisomal pattern" [26] . The "peroxisomal pattern" was considered as a diagnostic clue for DBPD when the VLCFA level was normal. Typically, there was cerebral and cerebellar leukencephalopathy, perisylvic polymicrogyria, and frontoparietal pachygyria in the "peroxisomal pattern". While in the cases of PRLTS, there was usually cerebellar atrophy. These features made us tend to the diagnosis of PRLTS rather than the juvenile-onset DBPD. Nevertheless it remained to investigate the relationship between these two diseases associated with HSD17B4.
Based on this case, we summarized definite or probable
